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Although it has been reported that depth of field influences depth perception in nonstereo photographs, it remains unclear
how depth of field affects depth perception under stereo viewing conditions. We showed participants stereo photographs with
different depths of field using a Wheatstone stereoscope and a commercially available 3D TV. The depicted scene contained a
floor, a background, and a measuring probe at different locations. Participants drew a floor plan of the depicted scene to scale.
We found that perceived depth decreased with decreasing depth of field for shallow depths of field in scenes containing a height-
in-the-field cue. For larger depths of field, different effects were found depending on the display system and the viewing distance.
There was no effect on perceived depth using the 3D TV, but perceived depth decreased with increasing depth of field using the
Wheatstone stereoscope. However, in the 3D TV case, we found that the perceived depth decreased with increasing depth of field
in scenes in which the height-in-the-field cue was removed. This indicates that the effect of depth of field on perceived depth
may be influenced by other depth cues in the scene, such as height-in-the-field cues.
Categories and Subject Descriptors: I.4.8 [Scene Analysis]: Depth Cues; I.2.10 [Vision and Scene Understanding]: 3D/
Stereo Scene Analysis; I.3.1 [Hardware Architecture]: Three-Dimensional Displays
General Terms: Human Factors
Additional Key Words and Phrases: Depth of field, depth perception, stereoscope, 3D TV, binocular disparity
ACM Reference Format:
Tingting Zhang, Louise O’hare, Paul B. Hibbard, Harold T. Nefs, and Ingrid Heynderickx. 2014. Depth of field affects perceived
depth in stereographs. ACM Trans. Appl. Percept. 11, 4, Article 18 (December 2014), 18 pages.
DOI: http://dx.doi.org/10.1145/2667227
1. INTRODUCTION
Depth of field is the depth range around the focal plane that is perceived as sharp. All optical lens
systems, including the human eye and digital photo cameras, generate images with a limited depth of
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field, as long as they are focused nearer than the hyperfocal distance. Depth of field depends on the
size of the lens aperture relative to the focal distance of the imaging devices. The amount of blur of an
object in the scene depends on the distance of that object to the focal plane and can be expressed as
b = As0
d0
∣
∣
∣
∣
1 − d0
d1
∣
∣
∣
∣
, (1)
where b is the diameter of the blur circle (i.e., the diameter of the area on the projection plane over
which a point is spread out), A is the diameter of the lens aperture, s0 is the distance from the lens to
the image plane, d0 is the distance from the lens to the focal plane, and d1 is the distance from the focal
plane to an object in the scene. A different form of this equation can be found in Nefs [2012]. Hence,
depth of field can be considered as the distance range in which the blur circles remain smaller than
the smallest amount of perceptible blur. Equation (1) shows that the blur circle b at a certain depth
distance d1 increases as the focal distance d0 decreases on the condition that the relative distance
d0/d1 is fixed. In other words, when the focal distance decreases, depth of field becomes smaller as
well. However, if the focal distance d0 is fixed, the depth distance d1 can be directly estimated from the
blur circle based on Equation (1), assuming that A, d0, and s0 are known. When an optical system has
a small depth of field, the blur circle b will rapidly increase with increasing distance from the focal
plane; thus, people will perceive a large blur gradient in the resulting images.
Depth of field is an important aspect of vision, and there has been significant research on the effects
of depth of field in nonstereo photographs over the past few years. For example, it has been shown that
depth of field can be used to direct viewers’ attention [Baveye et al. 2012; Hamerly and Dvorak 1981;
Hillaire et al. 2008; Khan et al. 2010], and it may also influence the aesthetic appreciation of images
[Datta et al. 2006]. Other research has directly assessed its effects on the perceived distance from the
observer to objects and the perceived distances between objects in the scene [Held et al. 2010; Mather
1996; Mather and Smith 2000; Pentland 1987; Vishwanath and Blaser 2010; Watt et al. 2005].
In the current study, we assess the effect of depth of field on the perception of depth in stereo pho-
tographs. A strong perception of depth can be created using stereoscopic presentation. Stereoscopic
images and videos are widely used in many fields, such as cinematographic industries, virtual reality,
visualization, and computer-assisted design [Hubona et al. 1999]. However, the challenge of delivering
a high-quality, comfortable experience of depth perception using current display technology remains
an active and important area of research [Banks et al. 2012; Shibata et al. 2011]. We investigated the
extent to which depth of field can be used as a cue to depth complementing that provided by binocular
disparity. To do this, we investigated the effects of depth of field on depth perception in stereoscopically
presented photographs using two different presentation methods.
1.1 Depth of Field in Nonstereo Photographs
Previous research has already investigated the effect of depth of field on perceived depth in nonstereo
photographs. Before considering the results of these experiments, it is important to appreciate the
different ways in which depth of field may affect the perception of depth. In the first instance, let us
assume that the viewing distance is known, and that the parameter d0 in Equation (1) is therefore fixed
and known. In this case, the depth of field could be calculated, and the amount of blur could be used as
a cue to depth. Thus, a small blur circle would be interpreted as the result of viewing an object with a
small deviation in distance from the focal plane (i.e., d1 is similar to d0). The consequence of decreasing
the depth of field and increasing the amount of blur in the scene would in this case be to increase the
magnitude of apparent depth. In this article, the term depth refers to the distance between two objects
in the visual direction, whereas distance refers to the egocentric distance (i.e., the distance from the
observer to the object).
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We can also consider the situation in which the viewing distance is not known, and d0 in Equation (1)
is a free parameter. In this case, depth-of-field blur can be used to estimate the viewing distance. In
Equation (1), d0/d1 can be obtained from other perspective cues, such as relative size. This implies
that the blur circle is inversely proportional to the focal distance d0 (see Equation (1)). Hence, a large
blur gradient caused by a small depth of field is consistent with a short viewing distance. Note that if
depth-of-field blur is used to estimate viewing distance in this way, it may also be expected to affect
apparent size. Thus, a large blur gradient, indicating a close-by viewing distance, would be expected
to create a miniaturization effect through scaling of retinal information to estimate object size. Depth-
of-field blur could thus be used to provide a cue both to the relative depth of objects in the scene and
as a way of estimating the egocentric distance to the scene, and thus as a way of scaling relative cues
so as to provide absolute depth information. Previous research has shown both effects of depth of field
in nonstereo photographs, depending on the availability of other cues to egocentric distance.
Nefs [2012] demonstrated the influence of depth of field on the perceived depth/width relationship
in nonstereo photographs of natural scenes. In his study, the photographs contained a central figurine
with a flanking figurine at each side. The observers were asked to move the flanking figurines to such
a position that the distance between them and the depth to the central figurine were the same. Five
levels of depth of field were used by manipulating the camera aperture. He found that perceived depth,
relative to perceived width, increased as the depth of field became smaller. In these experiments, the
viewing distance was well defined, since the focal plane was always on the computer screen. Thus,
the magnification of relative depth with decreasing depth of field found was consistent with the use of
depth-of-field blur as a relative depth cue. Held et al. [2012] have also argued that blur might be used
as a cue to depth in this way, showing that under some circumstances it can be more reliable than
binocular disparity.
Depth-of-field blur can also affect observers’ estimates of egocentric distance. For example, Held
et al. [2010] asked participants to estimate the distance from a target in the scene to the camera. They
found that the reported camera distance was smaller for photographs with larger blur gradients than
for photographs with smaller blur gradients. Vishwanath and Blaser [2010] found that perceived ego-
centric distances were smaller for larger blur gradients. This effect was observed both when observers
were estimating pictorial depth in a scene and when they were explicitly asked to judge the distance
to the display screen. Although neither of these studies directly assessed the “miniaturization” effects
that can occur when the depth of field is reduced (e.g., in tilt-shift photography), both argue that such
effects can be attributed to the reduction in apparent egocentric distance.
1.2 Stereoscopic Viewing
Binocular disparity provides an important depth cue in stereo displays. Disparity provides precise
depth information for points that are close to where one is fixating [Held et al. 2012]. However, us-
ing disparity as a cue to depth in current displays can create a conflict between distance information
signaled by convergence and accommodation [Hoffman et al. 2008]. This conflict usually causes visual
discomfort, particularly when there are frequent, large motor responses of the eyes as a consequence
of a large disparity [Lambooij et al. 2009]. Limiting the size of disparity to decrease discomfort has
the inevitable consequence that the magnitude of depth that can be signaled will be limited. Previous
investigations have suggested that depth-of-field blur may be used to compensate for the loss of per-
ceived depth on 3D displays that is caused by restricting the range of disparities presented [Held et al.
2012; Wang et al. 2011]. Wang et al. [2011] investigated the effect of combining blur and disparity on
perceived depth in 3D images. They found that image blur (created using a Gaussian filter) in stereo
images contributed to the impression of perceived depth. These results suggest that depth-of-field blur
ACM Transactions on Applied Perception, Vol. 11, No. 4, Article 18, Publication date: December 2014.
18:4 • T. Zhang et al.
may have the same effect on perceived depth in stereo photographs as it does in nonstereo photographs
[Nefs 2012].
Wang et al. [2011] used a two-alternative forced-choice task to investigate the apparent depth sep-
aration between a foreground target object and a background fronto-parallel plane. The target object
was a photograph of a butterfly, and the background was a photograph of a flowerbed. They showed
that the perceived depth between the target and the blurred background matched that of a sharp tar-
get and a sharp background when the former had a smaller disparity than the latter. Thus, the blur
in the background contributed to apparent depth. Our current study assesses whether depth-of-field
blur in scenes with complex depth information has similar effects on perceived depth. In the work of
Wang et al. [2011], depth information from both disparity and blur were rather simplified. For both,
the background and the target, the disparity and blur were constant, indicating a fronto-parallel struc-
ture. The only disparity and blur differences present were those between the background and target.
This means that neither disparity nor blur depicted a complex depth structure of a type that might be
expected in natural scenes. Thus, by using a uniform Gaussian blurring of the entire background, this
study did not replicate the depth-of-field blur gradients found in natural images.
In the current work, we investigate the effect of optically created depth of field of different levels
on perceived depth in stereo images. There are numerous reasons to believe that the effect of depth of
field on perceived depth is not necessarily the same for stereo depth as for nonstereo depth. First, the
subjective experience of depth in stereo photographs is qualitatively different from that in nonstereo
photographs. In nonstereo photographs, pictorial space does not appear to occupy the same physical
space as in stereo images [Rogers 1995]. By contrast, stereo images typically create an experience
of stereopsis, which is the sense of a 3D space rather than a flat pictorial space. Importantly, the
perceived space appears to be physically embedded in the real world [Vishwanath and Hibbard 2013].
Second, the optical state of the eyes might be more tightly linked to depth of field in stereo photographs
than in nonstereo photographs. In the latter case, optical accommodation and binocular convergence
typically provide cues to the location of the pictorial surface but not to the objects in the scene. Indeed,
when the link between accommodation and convergence is weakened, a greater sense of stereopsis
is experienced even when viewing nonstereo images [Vishwanath and Hibbard 2013] and the sense
of spatial presence is enhanced [Ling et al. 2013]. This suggests that the effect of depth of field on
perceived egocentric distance is likely to be minimal because stereo photographs contain relatively
strong depth cues. This means that the depth miniaturization effects discussed by Held et al. [2010]
and Vishwanath and Blaser [2010] are unlikely to occur in stereo photographs.
By contrast, if depth-of-field blur provides a relative depth cue that is then scaled by an estimate
of egocentric distance, we may expect the degree of apparent depth to increase with decreasing depth
of field, as found by Nefs [2012]. At the same time, we acknowledge that the processing of binocular
disparity may be impaired with a small depth of field, which may lead to somewhat unpredictable
results—that is, the introduction of blur by a small depth of field will tend to reduce the high spatial
frequency content in part of the image and thus will reduce the quality of depth information available
from disparity. It is well known that the human binocular stereo system is relatively insensitive at
low spatial frequencies [Arndt et al. 1995]. This means that an increase in blur, while in itself acting
to increase apparent depth, may have the effect of reducing the magnitude of depth perceived from
binocular disparity. This loss of binocular disparity may either lead to an increase or a decrease in
perceived distance depending on the distances specified by other depth cues.
1.3 Current Study
In the current work, we measured the perceived position of a probe in a photograph of a scene while
varying the degree of depth of field. Observers were asked to adjust the position of a small rectangle in
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an experimental interface corresponding to the position of the probe in the scene. A reference distance
was provided to match the distance in the real world with the distances in the experimental interface.
Two experiments were performed, in which the stereoscopic images were presented (1) using a Wheat-
stone stereoscope and (2) a commercially available 3D television with passive shutter glasses. The
Wheatstone stereoscope is a traditional stereo display that can be used to present high-quality stereo
stimuli; it is a very tightly controlled presentation method that allows for comparison with previous
laboratory research. The 3D TV, on the other hand, is a new technology that is becoming more com-
mon in home entertainment systems and is considered important to investigate the effects of depth of
field in a real application. Two display devices were used as follows: (1) to assess how easily potential
effects of depth of field could be replicated across different viewing systems, and (2) to allow us to vary
the viewing distance. Considering that the 3D TV was much larger than the Wheatstone stereoscope,
the viewing distance could also be much larger. According to geometrical considerations and previous
research [Gooding et al. 1991; Ritter 1977; Watt et al. 2005], we predicted that the perceived depth
on the 3D TV would be larger than on the stereoscope due to the larger viewing distance combined
with the same angular disparities in the two cases. Since the stimuli in these two experiments con-
tained another important depth cue—that of height-in-the-field cue [He and Ooi 2000]—we conducted
an extra experiment on the 3D TV, using stimuli without this height-in-the-field cue to investigate the
influence of other depth cues on the effect of depth of field on perceived depth.
2. EXPERIMENT
2.1 Participants
Sixty participants, between 21 and 35 years of age, with normal or corrected-to-normal visual acu-
ity (measured with the Freiburg visual acuity test) and normal or better-than-normal stereoacuity
(measured with the TNO stereo test), took part in the experiments. All participants were naı¨ve to
the hypotheses of the experiments. This research was approved by the Ethic Committees of the Delft
University of Technology and was in accordance with the 1969 Declaration of Helsinki.
2.2 Apparatus
A Wheatstone stereoscope with two 19” MM904UT Iiyama CRT monitors and front surface silver-
plated mirrors was used in the first experiment to present the stereo photographs. The path length
between the eyes and the screens was 70cm. The two monitors were calibrated with a ColorMunki
spectrophotometer such that their luminance and color responses were identical. The second experi-
ment was a replication of the first, using a TX-P65VT30E Panasonic 65” plasma 3D TV with passive
shutter glasses. We used the side-by-side 3D mode as the stereo signal format. All stimuli were pre-
sented using a Mac Pro computer running OSX 10.6. An IBM ThinkPad was used as an interface to
collect the participants’ responses. The experimental interface was presented using MATLAB R2011b.
2.3 Stimulus
Stereo photographs were taken with an Olympus E-440 d-SLR camera with an Olympus Zuiko 50-mm
macro lens. An example of the stereo photographs is shown in Figure 1. The aperture of the lens could
be adjusted from F2 to F22. In our experiments, F2, F3.5, F6.3, F11, and F22 (lens aperture = focal
length/F-value = 25, 14.3, 7.9, 4.5, and 2.3mm, respectively) were used to create different depths of
field. The visual angle of the camera was 13.2◦ (horizontally) × 9.9◦ (vertically). The size of the stimuli
was constrained by the visual angle of the camera and the dimensions of the display systems. The
visual angle of the stimuli on the stereoscope and the 3D TV was adjusted to the visual angle of the
camera. To keep the visual angle identical for the Wheatstone stereoscope (with a screen diameter of
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Fig. 1. Examples of stereo photographs. Readers capable of free fusion of stereo photographs may use the left and center
photographs for uncrossed free fusion, and the center and right photographs for crossed free fusion.
19”) and the 3D TV (with a screen diameter of 65”), the observers were seated at the center of projection
and the viewing distance was 70cm for the stereoscope and 300cm for the 3D TV (accounting for a factor
of 4.3 difference in horizontal size). We took stereo photographs of the scene with a stereobase of 6.5cm
(i.e., averaged horizontal distance between the eyes in adults) for presentation on the Wheatstone
stereoscope. For presentation on the 3D TV, the stereobase of the cameras was reduced by the same
scaling factor (i.e., 4.3) with which the viewing distance was increased to display the same angular
disparity. As such, the stereobase of the cameras became 1.5cm for presentation on the 3D TV. In
our stimuli, the focus objects were on the same level as the camera and the camera was toed in.
As a consequence, incorrect vertical disparities might have been introduced when the stimuli were
projected, which might have affected the perception of depth [Banks et al. 2012]. Although the target
and flanker objects themselves were close to fixation, and therefore unlikely to provide usable vertical
disparity information in themselves, it is important to also consider the fact that vertical disparities
in the surround might also have affected the perceived distance of the targets [O’Kane and Hibbard
2007]. We calculated the maximum error of the vertical disparities between the real scene and the
images and found it to be relatively small (less than 0.5 arc min). Moreover, since the overall extent
of the projected images was considerably less than 20 degrees, vertical disparities were unlikely to be
effective [Bradshaw et al. 1996]. Although we cannot rule out any such effects, the vertical disparities
present in our stimuli were not affected by the depth of field.
The stereo stimuli used in our experiments consisted of a colorful background containing a broad
range of spatial frequencies made up of flowers and leaves, a ground plane, and two objects standing
on the ground plane. One of the objects was a reference (Woody from the movie Toy Story) positioned in
the center of the scene at zero parallax. The other object was used as the probe, which was positioned
at one of the 14 positions behind Woody on the ground plane (Figure 2). When making the stereo
photographs, the camera was always aimed at Woody’s nose for both the left- and right-half images.
The distance between the camera andWoody was 70cm. Three probes were used, namely a SnowWhite
(SW), a Dwarf (DW), and a Green Pushpin (GP) figurine.
2.4 Procedure
We used a between-group design in this experiment. In the experiment, 30 observers participated using
the stereoscope, and another 30 observers participated with the 3D TV. The experimental procedure
was identical for both groups. Observers were seated in a room with the only direct light coming
from the monitors of the Wheatstone stereoscope/3D TV and the IBM ThinkPad. For the Wheatstone
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Fig. 2. Layout of 14 locations. Fig. 3. The experimental interface.
stereoscope, participants used a chin rest in front of the mirrors. For the 3D TV, observers wore shut-
ter glasses, but their head movements were not constrained. Next to the participants was the IBM
ThinkPad, on which they could indicate the position of the probe as they perceived it relative to their
own sitting position and the reference object. We did not give explicit instructions to observers on how
to scale the Z dimension to a setting in the Y dimension other than that the positions of the observer
and the reference object were given in the interface. As such, the settings in the Y dimension were
assumed to be proportional to the scale in the Z dimension. Figure 3 shows the experimental interface.
It contained a small image of a cartoon human and of Woody to represent the positions of participant
and reference object, respectively, in the real world. Observers were asked to drag the small yellow
square representing the probe into the position where they thought it should be using the distance
between the observer and the reference object as a guide. The observers had two degrees of freedom in
moving the target object when doing the task. They could move the target object either in the vertical
direction to represent the depth or in the horizontal direction to represent the width. They were also
free to look at wherever they wanted in the stereo photographs, and the viewing time was unlimited.
When the depth of field was small, it was sometimes difficult to discern the probe in the stereo
photographs. Furthermore, the probe was also occluded by the reference object in some positions. This
latter situation was more often the case for the 3D TV, as the stereobase of the camera was smaller for
the stereo photographs displayed on the 3D TV than on the stereoscope. For this reason, the interface
incorporated a “cannot see” button. There were 210 trials in total, including five levels of depth of field,
14 probe positions, and three probes. Each trial was presented only once. The order of the trials was
randomized anew for each participant. The experiment took around 30 minutes for each participant.
3. COMPARISON BETWEEN THE STEREOSCOPE AND THE 3D TV
Considering that two stereo systems were used in our study, it is necessary to be clear about the dif-
ferences between the systems. Table I summarizes the parameters for the two setups. Under these
circumstances, the horizontal angular disparity between the flanker objects and the focus object was
the same when observed through the stereoscope and the 3D TV (e.g., the angular disparity between
the first right flanker object and Snow White was 0.279 degrees on both the stereoscope and the
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Table I. Comparison Between the Stereoscope and the 3D TV
Stereoscope 3D TV
Stimulus—Stereobase 6.5cm 1.5cm
Stimulus—Size (on the screen) 16.2cm × 12.1cm 69.4cm × 52cm
Viewing Distance 70cm 300cm
Visual Angle 13.2◦ × 9.9◦ 13.2◦ × 9.9◦
3D TV). As shown in Table I, the visual angle subtended by the stimuli was the same on the two dis-
plays. Hence, the rendered volume in the visual space was constant on the two displays, which means
that not only the size of the stimuli was scaled up but also the stereoscopically presented depth was
scaled up proportionally. Thus, the combination of a greater viewing distance with the same angular
size of images may be expected to lead to a larger perceived depth on the 3D TV.
4. RESULTS
Before proceeding with the main analyses, we calculated how well each probe could be seen at each
position. If more than half of the participants indicated that they could not see the probe in a particular
position, then that particular condition was defined as on that could not be seen and was excluded from
the analysis. In the experimental interface, the vertical/horizontal distance between the yellow square
and the reference object was recorded in units of pixels. Given the distance between the participant
and reference object, we could calculate the equivalent relationship between perceived depth/width
in the experimental interface in pixels and perceived depth/width in the real world in centimeters.
Therefore, perceived depth/width refers to the vertical/horizontal distance between the yellow square
and the reference object in centimeters in the interface, whereas physical depth/width refers to the
distance in depth/width between the probe and the reference figurine in the real world in centimeters.
Figures 4 and 5 show the stereoscopically presented positions (red dots and full lines) and the corre-
sponding perceived positions (blue dots and lines, averaged across 30 participants) of all three probes
in the images with five levels of depth of field presented on the stereoscope and on the 3D TV. The
black dots represent the stereoscopically presented positions where the probes could not be observed.
The stereoscopically presented positions on the stereoscope were the same as the physical positions
in the real world. The stereoscopically presented positions on the 3D TV, however, were scaled (with
a factor of 4.3) to account for the larger viewing distance, keeping the angular dimensions of the ren-
dered volume in visual space equal for both display systems. Note that the red dots in Figure 5 are not
exactly a factor 4.3 more apart than the red dots in Figure 4 because of scaling to fit the graphs on one
page. This scaling, however, did not affect the relative positions between dots.
It is obvious from Figures 4 and 5 that the positions of the probes observed through the stereoscope
were scaled up in both the horizontal (width) and the vertical (depth) direction, whereas on the 3D TV
the perceived positions were scaled up in the horizontal direction only and very close to the stereoscopi-
cally presented positions in the vertical direction. To better compare the results on both the stereoscope
and the 3D TV in terms of perceived depth, Figure 6 shows the relationship between stereoscopically
presented depth and perceived depth. The figure clearly illustrates that the perceived depth on both
the stereoscope and the 3D TV increases with increasing stereoscopically presented depth. Addition-
ally, perceived depth is very close to the stereoscopically presented depth on the 3D TV (i.e., the data
fall very close to the diagonal of the graph), whereas observers overestimate the presented depth on
the stereoscope.
In the following analyses, we use the ratio of perceived depth over physical (presented) depth to
describe the effect of depth of field and physical depth on depth perception. Here, physical depth repre-
sents the depth between the objects in the real world. Since the perceived depth is inclined to increase
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Fig. 4. Layout of the mean perceived positions per figurine on the stereoscope. The red lines indicate the relationship of real-
world objects used to make the photographs, and the blue lines indicate the average estimates of observers for the three probes.
with increasing physical depth, it is better to use the ratio of perceived depth over physical depth to
describe the effect of depth of field on perceived depth compared with just the value of perceived depth.
The ratio of perceived depth/physical depth is averaged over all three probe conditions as well as across
positions on the same row, excluding the missing data. In the rest of the article, we refer to this average
when using the ratio of perceived depth/physical depth.
For stimuli presented on the stereoscope, the ratio of perceived depth/physical depth across all con-
ditions for all participants ranged from 0.56 to 5.53. Figure 7(a) shows that for stimuli viewed on the
stereoscope, perceived depth decreased with increasing depth of field from F3.5 to F11, whereas per-
ceived depth increased from F2 to F3.5. Figure 7(b) illustrates that the ratio of perceived depth/physical
depth decreased with increasing physical depth from 20cm to 100cm. Figure 7(c) demonstrates that
the ratio of perceived depth/physical depth decreased with increasing physical depth for all the five
levels of depth of field. We performed a 5 (Depth of field) × 5 (Physical depth) repeated measures
ANOVA and found main effects of Depth of field (F(4,116) = 4.44, p < .002) and Physical depth
(F(4,116) = 39.35, p < .001). A significant interaction between Depth of field and Physical depth was
also found (F(16,464) = 2.98, p < .001). The results of post hoc pairwise comparison t-tests are also
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Fig. 5. Layout of the mean perceived positions per figurine on the 3D TV. The red lines indicate the relationship of real-world
objects used to make the photographs, and the blue lines indicate the average estimates of observers for the three probes.
shown in Figure 7, with the asterisk indicating when there was a significant difference between a pair
of depth of field levels.
For stimuli presented on the 3D TV, the mean ratio of perceived depth/physical depth across all
conditions ranged from 1.74 to 7.74. The data are summarized in Figure 8. On visual inspection,
Figure 8(a) shows that perceived depth at depth of field F2 was smaller than at all other depths of
field, and that perceived depth was not affected by depths of field larger than F3.5. Figure 8(b) il-
lustrates that perceived depth, relative to width, decreased with increasing physical depth. Finally,
Figure 8(c) shows that the ratio of perceived depth/physical depth generally decreased with increasing
physical depth. We performed a 5 (Depth of field) × 5 (Physical depth) repeated measures ANOVA and
found main effects of Depth of field (F(4,116) = 10.87, p < .001) and Physical depth (F(4,116) = 8.77,
p < .001). A significant interaction between the Depth of field and Physical depth was also found
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Fig. 6. The relationship between perceived depth and stereoscopically presented depth for all depths of field on both the stereo-
scope and the 3D TV. Relative depth is the stereoscopically indicated distance in depth between the focus object and the flanker.
Perceived depth is the average estimated depth made by all observers.
(F(16,464) = 2.55, p < .001). Figure 8 also shows the results of post hoc pairwise comparison t-tests,
with the asterisk representing that there was significant difference between the each of the pairs of
depth of field values.
4.1 Additional Control Experiment: Removing the Height-in-the-Field Cue in the Stimuli on the 3D TV
The results reported previously showed that depth of field did not influence perceived depth in the
range between F3.5 and F22. When preparing the stimuli, the cameras were focused and converged on
the central figurine from a greater height above the ground surface than the nose. As a consequence,
the distance from the probe to Woody could to some degree be estimated from its height in the visual
field (Figure 9(a)). Literature shows that the surface ground can help observers make accurate distance
judgments in stereoscopic viewing conditions [He and Ooi 2000]. Therefore, it is possible that the effect
of depth of field on perceived depth was weakened in our experiment because of the height-in-the-field
cue or surface ground information. Consequently, we hypothesized that depth of field may have a
stronger influence on perceived depth in stereoscopic photographs without a height-in-the-field cue
(e.g., Figure 9(b)) than in photographs with a height cue (e.g., see Figure 9(a)).
To investigate this hypothesis, we created some new stimuli, as shown in Figure 9(b), with the
influence of the surface ground occluded. The experimental setup was the same as for the experiment
on the 3D TV described in Sections 2.2 and 2.3. In this additional control experiment, we only used
the Snow White probe, but still for the 14 positions and five different levels of depth-of-field blur. To
remove the height cue, we set the camera at the height of the ground surface, taking care that Woody,
SnowWhite, and the background were at the same height in the photograph (see Figure 9(b)). To make
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Fig. 7. Mean values of ratio of perceived depth/physical depth as measured on the stereoscope based on a 5 (depth of field) ×5
(physical depth) experimental design. Error bars show ±1 standard error of the mean. The ratio of perceived depth/physical
depth as a function of (a) depth of field collapsed across two probes and four physical depths, (b) physical depth collapsed across
two probes and five depths of field, and (c) physical depth collapsed across probes, but for the various depths of field separately.
the stimuli consistent with the previous ones, we cropped all of the images so that the differences in
height in the visual field between objects were removed. Participating in the experiment were 17 naı¨ve
observers with a mean age of 27.6 years (SD = 4.5). The experimental procedure was again the same
as described for the main experiment on the 3D TV.
Figure 10 shows that the ratio of perceived depth/physical depth decreases with increasing depth
of field. This means that objects in the image with more blur are perceived as farther away than
the same objects in images with less blur, showing that depth-of-field blur can act as a depth cue in
stereoscopic photographs. We performed a 5 (Depth of field) × 5 (Physical depth) repeated measures
ANOVA and found a significant effect of Depth of field (F(4,64) = 3.76, p < .008) and of Physical
depth (F(4,64) = 36.49, p < .001) on perceived depth. The effect of depth of field from F2 to F3.5 in
this experiment is opposite to what we found in the stimuli with the height cue in the visual field. The
effect of depth of field from F3.5 to F22 turns out to be significant and consistent with what we found
on the stereoscope for photographs with a height-in-the-field cue in the visual field.
5. DISCUSSION
We have shown that depth of field may affect perceived depth in stereo photographs using a stereoscope
at a closer viewing distance or a 3D TV at a larger viewing distance. First, for both systems, the
individual range of the ratio of perceived depth/physical depth for all participants under all conditions
was large (i.e., from 0.56 to 5.53 on the stereoscope and from 1.74 to 7.74 on the 3D TV). Second,
perceived depth increased with increasing depth of field from F2 to F3.5 on both systems when the
height-in-the-field cue in the images was congruent with the depth of field. Third, perceived depth, as
a proportion of physical depth, decreased with increasing physical depth on both systems.
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Fig. 8. Mean values of ratio of perceived depth/physical depth as measured on the 3D TV based on a 5 (Depth of field) ×5
(Physical depth) experimental design. Error bars show ±1 standard error of the mean. Ratio of perceived depth/physical depth
as a function of (a) depth of field collapsed across all probes and physical depths, (b) physical depth collapsed across all probes
and depths of field, and (c) physical depth collapsed across depth of field, but for the two probes separately.
Fig. 9. (a) An example stimulus used in the main experiment containing the height-in-the-field cue. (b) The same stimulus used
in the control experiment but now without a height-in-the-field cue.
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Fig. 10. Ratio of perceived depth/physical depth as a function of depth of field in the stimuli without height cue collapsed across
physical depths.
We predicted that if blur is used as a depth cue, then decreasing the depth of field would result in
an increase in perceived depth. In the main experiments, our results were partly consistent with this
hypothesis. Perceived depth decreased as a function of depth of field beyond F3.5 on the stereoscope.
For depth of field between F2 and F3.5, however, our results contradicted our hypothesis. The ratio
of perceived depth/physical at the smallest depth of field F2 was less than that at F3.5. The most
likely reason for this is that at the smallest depth of field, the degree of blur introduced reduced the
quality of disparity information provided [Costa et al. 2010]. As such, a smaller depth of field may have
resulted in less perceived depth under stereoscopic viewing conditions. Another possible reason is that
the very small depth of field introduced so much blur that the visibility of details of the probes were
firmly reduced. The third reason may be that the distance to the scene was more tightly constrained
in the case of stereo viewing than in the case of nonstereo viewing (e.g., Held et al. [2010]) or viewing
through an aperture (e.g., Vishwanath and Blaser [2010]), which caused the divergence in results
between stereo and nonstereo photographs. Changes in depth of field may thus be expected to have
less of an effect on perceived egocentric distance under stereoscopic viewing.
On the 3D TV, no significant difference in perceived depth was found with increasing depth of field
in the range from F3.5 to F22 for photographs with a height-in-the-field cue. However, an additional
control experiment showed that perceived depth decreased with increasing depth of field significantly if
the height-in-the-field cue was removed from the stimuli. This suggests that the effect of depth of field
on perceived depth on the 3D TV may be greatly weakened by other depth cues. But, the results of the
control experiment also demonstrate that depth-of-field blur can indeed act as a depth cue even under
binocular viewing conditions. When height-in-the-field depth cues are absent, the amount of depth
indicated by our observers increased monotonically with increases in depth-of-field blur. As such, these
results are consistent with the suggestion of Held et al. [2012] that blur provides a quantitative depth
cue under binocular viewing. This study was criticized by Vishwanath [2012] in part because it did
not directly demonstrate the effect of blur on the magnitude of perceived depth. For nonstereoscopic
photographs, Nefs [2012] provided direct evidence for the effect of depth-of-field blur on perceived
depth, consistent with the use of blur as a depth cue. Here, we show that these effects may also occur
in stereoscopic viewing.
Physical depth was found to significantly affect perceived depth in stereo photographs in our exper-
iments. We found a clear overestimation of depth between the focus object and the probe compared
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to the physical depth on both the stereoscope and the 3D TV, as shown in Figures 7(c) and 8(c). The
reasons for this overestimation are different for the two display systems. For the stereoscope, the stere-
obase of the cameras recording the images was similar to the human adult interocular separation, and
the viewing distance and projected size of the images matched those used for the cameras. Binocular
depth cues thus indicated the correct depth in this case, so the biases observed represent a genuine
overestimation of depth. It is known that perceived depth is overestimated in this way for objects
viewed at close distances, both for stereoscopically viewed [Johnston 1991; Scarfe and Hibbard 2006,
2011] and natural objects [Loomis et al. 1998; Watt et al. 2005]. The overestimation data from some
previous studies are partly consistent with our results, indicating that perceived distance was overesti-
mated compared to the physical distance [Elliott 1987; Loomis et al. 1998]. The overestimation of depth
in the case of 3D TV may be related to the 4.3 upscaling factor of the image size, viewing distance, and
rendered depth (as explained in Section 2.3). As the ration of perceived depth/physical depth is close
to or slightly smaller than 4.3 in Figure 8, it seems that our participants perceived depth very close to
the rendered depth on the 3D TV. The present study also showed that observers overestimated depth
less with increasing physical depth. This latter finding is consistent with results reported by Sauer
[2001] and confirms the conclusion of Gilinsky [1951] that perceived distance is a nonlinear function
of physical distance. As shown in Figure 6, we found that the perceived depth is farther away from the
stereoscopically presented depth at larger depth on both the stereoscope and the 3D TV. This confirms
the results of a previous study that the effective range of stereopsis as a depth cue attenuates with
distance [Held et al. 2012]. With increasing physical distance from the observer, the just-discriminable
depth threshold also increases [Cutting and Vishton 1995], implying that observers are less certain
about differences in depth. As such, the observers’ mapping of perceived depth to physical depth could
vary more with increasing distance to the objects [Ernst and Banks 2002].
Interestingly, there was a significant interaction between depth of field and physical depth on both
the Wheatstone stereoscope and the 3D TV; the effect of depth of field on perceived depth was larger
at a smaller physical depth. The reason could be that the human eye perceives depth of field cues
most effectively within a certain depth range [Kaufman 1974]. Wang et al. [2011], however, reported
a different result, namely that the effect of blur on perceived depth was smaller when the relative
distance between a foreground object and the background was closer. The crucial difference between
their work and ours was that the relative distance in their study ranged from 0cm to 30cm, whereas
in our experiment it varied from 20cm to 80cm. This may be explained by the different importance of
disparity and blur in different ranges [Held et al. 2012]. Alternatively, it could be that the differences
resulted from the differences between the Gaussian blurring implemented by Wang et al. [2011] and
the optical depth of field effects in the current study.
When comparing the results of the two experiments, we found not only many similarities but also an
interesting difference. Perceived depth was found to decrease with increasing depth of field from F3.5
to F11 on the stereoscope, whereas no effect of depth of field from F3.5 to F22 was found on the 3D
TV when a height-in-the-field cue was present in the images. In other words, it seemed that the effect
of depth of field was smaller for the 3D TV than for the stereoscope. There are obviously a number
of reasons why the results on the stereoscope and the 3D TV might have been different. Differences
in viewing distance, stereobase of the camera, and screen resolution might have directly or indirectly
impacted the effect of depth of field on perceived depth. More interestingly, however, is the observation
that the impact of depth-of-field blur on perceived depth increased on the 3D TV once the height-in-the-
field cue was removed from the stimuli. So, especially on the 3D TV, more than on the stereoscope, the
effect of depth of field on perceived depth was weakened by the height-in-the-field cue. The latter may
be a direct consequence of the difference in viewing distance between both display systems. At larger
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(viewing) distance, depth-of-field blur is less impactful and perceived depth may become dominated by
other pictorial cues, such as the height-in-the-field cue.
Wang et al. [2011] made the point that depth-of-field blur could be used to supplement the subjective
impression of depth in stereoscopically presented images. This means that a smaller disparity-defined
depth cue would be needed to create the same perception of depth when the depth-of-field blur cue
was used as well. As such, depth-of-field blur could indirectly (i.e., via smaller disparity values) reduce
the level of accommodation-vergence conflict and yet preserve the subjective impression of depth in
the scene. However, given the influence of the height-in-the-field cue on depth-of-field effects in certain
viewing conditions, it may be that also other combinations of nonstereoscopic or pictorial cues together
with depth of field are useful to reduce the required disparity for a given perceived depth and thus are
useful to reduce visual discomfort. For example, it has been suggested that depth of field in combina-
tion with shading in a Bayesian framework allows optimal reconstruction of depth relationships in a
scene [Li et al. 2013]. An essential condition for the resulting reduction in visual discomfort, however,
is that the additional cues and depth of field do not introduce discomfort on their own. For example, in-
appropriately simulated depth of field may be different from that introduced by human optics and thus
lead to unstable perceived depth and possibly discomfort. Vinnikov and Allison [2014] found that the
viewing comfort was reduced when depth of field was added as a depth cue. However, it has been shown
that depth of field itself does not cause discomfort, even when conflicts with binocular depth cues are
large [O’Hare et al. 2013]. Altogether, our results indicate that depth-of-field blurring is a promising
technique for reducing stereoscopically induced discomfort while maintaining subjective impressions
of depth. Nonetheless, future work is needed to determine exactly how disparity, depth-of-field blur,
and other pictorial cues need to be combined to provide the most comfortable depth impression in
natural images displayed on stereoscopic screens.
6. CONCLUSION
In summary, the current study confirms the importance of depth of field on depth perception in stereo
photographs. Stereo depth of field is different from nonstereo depth of field: in nonstereo images per-
ceived depth monotonically decreases with increasing depth of field, whereas in stereo images per-
ceived depth may increase with increasing depth of field, especially at small depth of field and short
viewing distances. The latter may be a consequence of the high degree of perceived blur in these im-
ages. We may conclude that if depth of field is not very small (i.e., > F3.5), it may be used as a depth
cue in stereo photographs: a decrease in depth of field creates an increase in perceived depth.
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